ABSTRACT: Manganese (Mn) is an essential nutrient; nonetheless, excessive amounts can accumulate in brain tissues causing manganism, a severe neurological condition. Previous studies have suggested oxidative stress, mitochondria dysfunction, and impaired metabolism pathways as routes for Mn toxicity. Here, we used the nematode Caenorhabditis elegans to analyze gene expression changes after acute Mn exposure using RNA-Seq. L1 stage animals were exposed to 50 mM MnCl 2 for 30 min and analyzed at L4. We identified 746 up-and 1828 downregulated genes (FDR corrected p < 0.05; two-fold change) that included endoplasmic reticulum related abu and fkb family genes, as well as six of seven lipocalin-related (lpr) family members. These were also verified by qRT-PCR. RNA interference of lpr-5 showed a dramatic increase in whole body vulnerability to Mn exposure. Our studies demonstrate that Mn exposure alters gene transcriptional levels in different cell stress pathways that may ultimately contribute to its toxic effects.
INTRODUCTION
Manganese (Mn) is an essential nutrient that takes part in biological reactions, plays a role in metabolism, and is required as a cofactor in a variety of enzymes. Exposure to Mn occurs most commonly via oral dietary administration or inhalation during occupational activities. Overexposure to Mn, however, may cause a neurological disorder termed manganism. Inhaled Mn can enter the blood-brain barrier and reach the central nervous system accumulating in the brain [1, 2] . As a result of neurological impairment, individuals overexposed to Mn experience weight loss, altered behavior, and decreased fertility [3, 4] .
Studies in rodents [3, [5] [6] [7] , nematodes [8, 9] , cell cultures [10] , and humans [2] have shown manganese to be neurotoxic. Mn causes apoptotic cell death, and both endoplasmic reticulum (ER) stress and mitochondria function have been implicated as mediator pathways [7, 11] . Within the ER, misfolded or unfolded proteins activate the unfolded protein response (UPR) [12, 13] , whereas prolonged UPR may induce apoptosis [14] . Mn can accumulate in mitochondria [5] , increase reactive oxygen species and glutathione production, disrupt mitochondria membrane potential [8, 15, 16] , increase mitochondria permeability, and inhibit ATPproduction [16] . Mn-induced oxidative stress and mitochondrial dysfunction can cause mtDNA single-strand breaks [6] and can also lead to disruption of neurotransmitter release and apoptotic neuron death [17] .
RNA-Seq is a recently developed global transcriptomic approach to identify genes that are present, their abundance levels, and their dynamic fluctuations during development, aging, and pharmacological and toxicological conditions [18] . As an approach in next-generation sequencing technologies, RNA-Seq can provide highly sensitive and specific data regarding the levels of RNA transcripts from biological samples that may reflect eventual protein levels. It has also been used in a variety of model systems to gain insight into toxicologic processes of heavy metals such as copper, methylmercury, and lead [19] [20] [21] .
While the individual molecular pathways mediating Mn toxicity are being teased apart, the effects of Mn at a global transcriptomic level are poorly understood. Here, we incorporate RNA-Seq to identify the gene expression alterations following acute Mn exposure to understand changes effected by acute Mn exposure in a whole animal model. Our results are consistent with prior studies that indicate dysfunctional oxidative stress-and mitochondria-associated pathways play a role in the toxicity but also show endoplasmic reticulum-and lipocalin-related pathways are altered via activated in blocked UPR (abu), FK506-binding protein family (fkb), and lipocalin-related (lpr) gene families.
MATERIALS AND METHODS

C. elegans Maintenance and Treatment
C. elegans strains wild-type (WT) Bristol N2 and RNAi-sensitive mutant NL2099 (rrf-3(pk1426)) were obtained from the Caenorhabditis Genetics Center (St. Paul, MA) and maintained at 20°C temperature on nematode growth media (NGM) plates containing OP-50 bacteria according to standard protocols [22] . Synchronization of the worms was carried out using potassium hypochlorite solution to bleach the gravid adults and washing embryos 4× in M9 buffer afterwards. Embryos were incubated in M9 buffer for 18 h at room temperature to obtain fully synchronized population. L1 larvae were exposed to MnCl 2 (50 mM for 30 min) or potassium gluconate (75 mM for 30 min) for an osmotic control. Worms were washed 3× with M9 buffer and placed onto NGM plates seeded with OP-50 bacteria. Animals were allowed to grow at 20°C until reaching L4 stage just before adulthood for RNA isolation. For chronic MnCl 2 treatment, minimal agar plates (1.7% agar, 5 μg/mL cholesterol) were used to avoid MnCl 2 precipitation.
RNA Isolation and Sequencing
Both control and MnCl 2 -treated worms were collected from agar plates at L4 stage, washed 4× with sterile water and placed immediately into a Trizol solution (Gibco-BRL, Gaithersburg, MD). Total RNA was isolated according to manufacturer's protocol. Quantification of RNA samples were performed using Nanodrop device (Thermo Scientific, Wilmington, DE). To avoid DNA contamination, samples were treated with the Turbo DNA-free DNAse kit (Ambion, Austin, TX). DNA-free total RNA samples were sequenced using the Illumina library sample kit (Illumina, San Diego, CA). Samples were run in duplicate on the Illumina HiSeq 2500 instrument at the Millard and Muriel Jacobs Genetics and Genomics Laboratory of California Institute of Technology (Pasadena, CA). Sequences were obtained in a single-read 50 mode.
RNA-Seq Analysis
The number of reads obtained from duplicate samples was 30.9M/33.9M and 32.1M/28.4M from the osmotic control and MnCl 2 -treated samples, respectively. Reads were aligned to the C. elegans genome (WS220) using TopHat implementation 2.0.13 of Bowtie 2.2.4.0 [23] using parameters previously described [20] . The percentage of mapped reads exceeded 94.0% for all samples. To identify differential gene expression, analysis was performed using Cuffdiff program of Cufflinks 2.2.1 [23] with false discovery rate-corrected p values (q values) of <0.05 and fold change > 2 or < 0.5. Gene enrichment analysis was performed for up-and downregulated genes using DAVID Functional Annotation Tool 6.7 [24] .
Quantitative Real-Time PCR (qRT-PCR)
Based on RNA-Seq results, 17 genes were selected and regulated expression verified using the qRT-PCR method. Total RNA from MnCl 2 -treated and osmotic control C. elegans were isolated from L4 stage worms as described above. cDNA synthesis was performed using the Revert-Aid kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions using 0.5 μg of total RNA as a template. Gene-specific oligonucleotide primers for qRT-PCR were designed using Primer-BLAST [25] and obtained from Oligomer OY (Helsinki, Finland). The Maxima SYBR green qPCR Master mix (Thermo Fisher Scientific) was used for amplification reactions according to the manufacturer's protocol. Reactions were performed in iCycler 1.0 system (Bio-Rad, Hercules, CA). Four independent biological replicates were used for this analysis. Each of four biological replicates was performed in technical duplicates. Gene expression differences were calculated using delta-deltaCT method [26] normalized to act-1. Oligonucleotide sequences for PCR were as follows:act-
RNA Interference and Whole Body Vulnerability Assay
RNA-mediated interference (RNAi) was performed on NGM and minimal agar plates containing isopropyl β-D-thiogalactoside (IPTG, 1 mM) and ampicillin (100 μg/mL). Plates were seeded with RNase III-deficient Escherichia coli bacteria strain HT115 (DE3), carrying L4440 vector with the gene fragment (lpr-5) (GeneService, Source BioScience, PLC, Nottingham, UK) or empty vector (Addgene, Cambridge, MA). Bacteria cultures for the RNAi-feeding plates were grown for 17 h in liquid LB medium with 100 μg/mL ampicillin. IPTG (1 mM) was added, and cultures were grown for 1 h more and spread onto plates. Synchronized L1 stage worms were transferred onto RNAi (lpr-5) bacteria containing plates to knock down the lpr-5 gene expression or plates containing empty L4440 vector for a wildtype control and incubated at 20°C for 48 h. L4 animals were transferred onto minimal agar RNAi plates containing MnCl 2 (10 mM) and exposed for 24 h. The number of dead worms was counted. Worms were considered dead if a touch on the nose with a wire pick did not cause any movement. At least 50 worms were counted for each experiment and the experiment was repeated three times. Results are presented as an average ± SD.
RESULTS
RNA-Seq Analysis of Mn-Exposed C. Elegans
We observed 2574 genes to be regulated, of which 746 were up-and 1828 were downregulated. Detailed analysis of the data showed that environmental stress responsive genes were modestly regulated. Heat shock protein family members hsp-16.41 (1.8 fold), hsp-16.2 (1.7 fold), and hsp-16.11 (1.5 fold) were slightly upregulated. In contrast to a prior study [27] , our data did not show any significant transcriptional changes to mitochondrion-specific chaperones hsp-6 and hsp-60 that participate in the mitochondrial UPR [28] or in ER stress-related chaperone hsp-4. Furthermore, we could not observe a significant increase in expression of UPR pathways regulators atf-6, ire-1, or pek-1. However, mitochondrion function-related genes ant-1.3 and ant-1.4 were found to be downregulated -3.5 fold and -2.5 fold, respectively. A number of cytochrome P450 (CYP) family genes were also observed to be modulated: cyp-13B1 (two fold), cyp-34A1 (2.7 fold), and cyp-31A2 (-4.2 fold). The complete list of the regulated genes can be found in Supplementary Table 1 Table 1 .
qRT-PCR Confirms LPR and ER-Related Genes
Four independent MnCl 2 -treated and osmotic control samples from L4 animals were used for verification (Figure 1 ). Seventeen genes were selected from LPR and ER-related gene families FKB and ABU (abu-7, abu-9). We also performed PCR with neurogenesis and neuron development related genes egl-46, lad-2, ham-1, and mitochondrion function-related genes (data not shown). The LPR (LiPocalin-Related protein) genes selected were lpr-1, lpr-3, lpr-4, lpr-5, lpr-6, and lpr-7 from a total of seven family members. FKB (FK506-binding protein) family members were found to be 
Functional Annotation and Gene Ontology Enrichment Analysis of Regulated Genes
Gene-set enrichment analysis was performed using a functional annotation tool. Biological themes of genes regulated by MnCl 2 were uncovered using DAVID that provided annotation and analysis for statistical enrichment of Gene Ontology (GO) biological processes, cell compartments, and molecular functions ( Table 2) . Enriched biological processes for upregulated genes were related to positive regulation of multicellular organism growth (31 genes), neuron development (11 genes), neurogenesis (13 genes), and cuticle development (13 genes).
Two hundred seventy-six of the regulated genes were found to belong to cellular compartment integral and/or intrinsic to membrane GO category. Twelve regulated genes were associated with the ER. The most over represented upregulated genes in the ER (Table 2) belong to the FK506-binding protein family (fkb-3, fkb-4, fkb-5, fkb-7) . The most over represented downregulated genes were genes involved in protein modification (155), meiosis (56), and mitosis (24) . A significant amount of genes are also associated with DNA repair (20) .
The Lipocalin-Related Protein lpr-5 Inhibits MnCl 2 -Induced Animal Death
To determine whether lipocalin-related protein lpr-5 expression plays a role in Mn-induced toxicity, an RNAi experiment was performed to knock down its mRNA expression. Our study showed that decreased expression of lpr-5 resulted in increased Mn-induced animal death. After 24 h of Mn exposure, 99% of lpr-5 knockdown animals were found dead, whereas in the WT group only 27% of the animals were dead. These results suggest that lpr-5 inhibits Mn-induced animal death (Figure 2 ).
DISCUSSION
We observed up-and downregulation of two ER-related protein families (FKB, ABU, respectively) that support prior biochemical and cellular studies implicating the ER stress response pathway in Mn toxicity. ABU proteins are related to the apoptosis pathway protein CED-1 that is an integral component of the ER stress pathway that responds to misfolded proteins [29] [30] [31] . ABU has previously been shown to be activated when the UPR is blocked genetically or pharmacologically. In our case, ABU gene expression has been found to be downregulated, suggesting UPR impairment. A reason other UPR regulators were not found may be due to protein translocation as Genes and percent correspond to the number and percentage of the regulated genes that have the GO term annotation indicated. p Value is a measure of enrichment (Fisher exact test) of the GO term among the genes.
a means of rapid stress response rather than transcriptional change. We also identified four regulated FK506-binding protein (FKB) genes that suggest ER involvement in Mn-induced toxicity. These genes were found to be interacting with daf-16 and daf-2 in direct and nondirect pathways [32] . Also, FKB genes were reported to be histone chaperones involved in the regulation of rDNA silencing [33] . This result suggests a potential novel Mn-induced toxicity mechanism. We also observed mitochondrion-related genes ant-1.3 and ant-1.4 to be downregulated by RNA-Seq and confirmed by qRT-PCR (data not shown). It has been hypothesized that ant-1.3 and ant-1.4 serve as mediators in mitochondria=generated ATP exchange with cytosolic ADP [34] . Downregulation of these genes suggests energy metabolism impairment. As a result, the mitochondria dysfunction leads to ER stress and UPR, which is consistent with prior reports and this study.
Another finding from the gene list was significant transcriptional changes in the LPR gene family. LPR proteins are low molecular weight lipophilic molecule transporters that participate in intercellular signaling and cellular development. Prior studies have shown that the lpr-1 protein is required at the time of luminal growth and is expressed in the excretory system, and that null mutants of this gene experience high L1 larvae lethality [35] . Our data reveal lpr transcriptional upregulation caused by Mn exposure, suggesting a new role for the members of this family.
Moreover, lpr-5 knockdown resulted in an increase in animal death both in nonexposed controls and Mnexposed samples, suggesting that LPR-5 protein plays an important physiological role at later developmental stages and also in stress conditions. Although the protein function is not clear, LPR-5 provides an intriguing target for future studies to investigate Mn-induced toxicity mechanisms. Interestingly, we also find upregulation of lpr family genes and downregulation of abu family genes in a previous study of methylmercury exposure [20] . We also found a small number of FKB family members to be regulated by methylmercury (fkb-4, 4.6 fold; fkb-7, 6.0 fold), although ant family genes were not significantly changed [20] . These results suggest that there may be common pathways in heavy metal toxicity.
To our knowledge, this is the first global transcriptome study following Mn exposure in any cell or animal system. Our study highlights transcriptional changes in ER-and mitochondria-associated genes that support current knowledge on the role that these pathways may play in manganism. Furthermore, our study suggests that genetic pathways involving FKB, CYP, and COL may also contribute to the pathology. Finally, our study provides a unique data resource for investigating Mn and other heavy metal-associated cellular toxicity. Supplementary Table 1 . List of up-and downregulated genes
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